Abstract. We present a model of the resonant cyclotron dissipation of parallel-propagating ion-cyclotron waves in a coronal hole under the kinetic shell approximation. This approximation takes the resonant quasilinear wave-particle interaction to be much faster than the non-resonant processes affecting the proton distribution, essentially maintaining the resonant protons in a state of marginal stability with respect to this wave mode. Thus, the kinetic shell model represents the case of maximum possible dissipation by the resonant cyclotron mechanism. When the additional simplification of dispersionless waves is made, this model easily yields fast solar wind flows from plausible conditions at the model inner boundary. However, when ion-cyclotron dispersion is included the model fails, resulting in cooling of the proton population and weak acceleration to speeds on the order of 300 km s -1 . We conclude that resonant dissipation of parallel-propagating waves cannot be responsible for the fast solar wind.
INTRODUCTION
sufficient perpendicular ion heating close to the Sun, whether by an arbitrary heating function or through an elaborate scenario of the detailed wave-particle interaction, finds that the mirror force acceleration will yield a plausible fast solar wind. Thus, a fluid analysis does not lead to a useful test of the resonant cyclotron mechanism, and it is necessary to investigate the kinetics of the interaction.
The generation of the fast solar wind, along with the required heating of the ions in coronal holes, is most often attributed to the cyclotron-resonant dissipation of intense fluxes of parallel-propagating ion-cyclotron waves (see [1, 2] for recent reviews in this area). Substantial evidence has accumulated over the years, particularly including the strong perpendicular ion heating in the heliocentric range 1.5 R s < r ≤ 4 R s observed by SOHO/UVCS (e.g. [3] ), which is consistent with expectations of this mechanism. In the context of such a proposed mechanism, the theoretical task is to test it by constructing models of the physical system which include all the relevant details, and compare the results with the observations.
KINETIC RESONANT CYCLOTRON INTERACTION
There are essentially two aspects of the this kinetic process. First, the ion and the wave must satisfy the resonance condition, which for parallel-propagating ion-cyclotron waves is However most such investigations treat the coronal hole ions as fluids, despite the fact that they are essentially collisionless beyond r ~ 1.75 R s . This assumption is especially serious since the resonant interaction couples particular waves to particular particles, and does not energize the bulk plasma, leading to potentially important distortions of the ion distributions away from the Maxwellian or biMaxwellian shapes implied by a fluid picture.
where ω and k are the plasma frame frequency and wavenumber, respectively, of the wave, v || is the speed of the ion in the plasma frame along the magnetic field, and Ω is the gyrofrequency of the ion. When this condition is satisfied, the Doppler-shifted wave frequency seen by the ion matches the ion gyrofrequency and the particle and wave can efficiently exchange energy. In a low-β plasma such as that in a Additionally, I contend that the fluid models are not well constrained. It is clear from the many fluid models in the literature that any model which provides coronal hole, ion-cyclotron wave frequencies are confined to the range below the proton gyrofrequency. As a consequence, resonance between a proton and an ion-cyclotron wave requires k v || < 0. Thus, we find that outward-propagating waves (k > 0) can only resonate with the sunward half of the proton distribution (v || < 0), while a resonant interaction for the antisunward protons (v || > 0) requires the presence of inward-propagating waves (k < 0). dissipation of ion-cyclotron waves by the resonant cyclotron mechanism. Once the distribution attains the marginally stable state at a given radial position, any further dissipation would cause a transport of protons along the constant-energy surfaces in a manner so as to increase the proton energy. But this transport would then correspond to the formation of unstable gradients in the distribution, so this cannot happen spontaneously. As the shells slowly evolve with radial position under the action of the non-resonant forces, the wave dissipation provides the energy needed to maintain the uniform density along the shells. However, the marginally stable proton distribution cannot take on any more wave energy through cyclotron resonance, even if more resonant waves are present. The plasma has become locally transparent to these waves.
The second aspect of the kinetic interaction comes from the quasilinear description of the process. When a continuous spectrum of waves over some range of k is resonant with an ion distribution over some range of v || , the ions will diffuse in velocity space in a manner so as to conserve their energy as measured in the reference frame moving with the phase speed of the wave [4] [5] [6] . This constant-energy condition defines a set of surfaces in velocity space, and the resonant diffusion will act to reduce any ion density gradients along these surfaces. The quasilinear interaction conserves the combined energy of the waves and particles in the plasma reference frame, so if the diffusion results in an energy gain in this frame this must correspond to dissipation of the resonant waves. Conversely, if the diffusion results in a loss of ion energy, this indicates that waves in the resonant range of k are being generated.
This formalism also contains the implicit assumption that sufficient resonant waves are present to accomplish this rapid response of the ions. If the wave intensities are smaller, or if the resonant diffusion is somehow slower than that necessary to fill the shells on the fast time scale, this will correspond to less wave dissipation and reduced energization of the resonant protons.
This approximation leads to what I call the "kinetic shell" model for the radial evolution of the collisionless coronal hole proton distribution in response to the resonant cyclotron interaction with parallel-propagating ion-cyclotron waves [7] [8] [9] [10] [11] [12] . We have derived a set of steady-state first-order equations for the density of resonant protons f (r, η), where η is the shell label. We propagate the solution of these equations outward from a supersonic, collisionless proton distribution at r = 2 R s , assuming a given radial magnetic field B(r) and electron temperature T e (r). With these input conditions, the model obtains as output: the self-consistent acceleration of the plasma flowing at U(r), the collisionless proton distribution f(r, v || , v ⊥ ) beyond the inner boundary, and the rates of wave dissipation and generation calculated from the radial changes in resonant proton energy flux.
THE KINETIC SHELL MODEL
This behavior suggests a useful simplification of the full kinetic problem. Let us assume that the waveinduced diffusion of resonant protons along the constant-energy surfaces takes place much faster than their non-resonant evolution in a coronal hole. If we then consider the system on the slower, non-resonant time scale, we can treat the proton density gradients along the constant-energy surfaces as being maintained at zero by the efficient resonant interaction. In this case, the resonant portions of the proton distribution will be composed of nested layers of shells in velocity space, each with a uniform density, corresponding to the set of non-intersecting constant-energy surfaces. These shells then evolve slowly under the influence of the non-resonant forces alone as the plasma flows away from the Sun.
It is noteworthy that the wave energy changes are outputs of this model, rather than inputs. Since we are modeling the effects of the maximum dissipation rate, which is a property of the proton distribution, we do not need to assume any details of the wave intensities or spectra. In particular, we can avoid the use of arbitrary heating functions or guesses as to the unobservable wave spectra in the low corona.
The absence of gradients on the constant-energy surfaces is sometimes called a "quasilinear plateau", and is equivalent to the "marginally stable state" where the linear growth/damping rate of ion-cyclotron waves vanishes. By assuming that the rapid resonant interaction maintains the proton distribution in this state, we are modeling the effects of the maximum possible motions will be with respect to the velocity space origin, as indicated by the thick arrows in Figure 1 .
In the sunward half of the proton distribution, the shells close to the origin will expand as the plasma flows away from the Sun, while the larger shells contract. This configuration causes a convergence of shells toward a pileup surface, where the sunward protons become concentrated. On the anti-sunward side, the same forces lead to a divergence of the shells away from a rarefaction surface. These surfaces mark the positions where the shell-averaged inward and outward forces balance at some value of r. The dependence of the inertial force on v || causes the rarefaction surface to always be further from the origin than the pileup surface, as shown.
The sunward and anti-sunward populations, resonating with independent sets of waves, are matched across the v || =0 boundary by recognizing that the waves resonant with protons at the boundary have k -> ∞ and therefore have no power. In this case, protons will be transported across the boundary by the non-resonant forces, toward positive v || when v ⊥ is high and the mirror force dominates the inward forces, and the reverse when v ⊥ is low. This transport is indicated by the thin arrows in Figure 1 , where the value of v ⊥ at which the forces balance is denoted by the ×.
Although we hypothesize a flux of resonant outward-propagating waves which only has to match or exceed the level needed to keep the sunward protons at the marginally stable state, the appropriate intensity of the inward-propagating waves is not as well determined. We have shown that, if no inward waves are allowed and the anti-sunward protons are treated as free particles which conserve their energy and magnetic moment in the background fields, the anti-sunward proton distribution quickly becomes unstable [8] . More generally, the flux of protons which crosses the v || = 0 boundary from the concentrated pileup region at high v ⊥ will diffuse down the constant-energy surfaces, losing energy and therefore generating inward waves. Additional resonant inward waves may also be present due to turbulent wave generation or propagation from larger radial positions. To some extent, the cyclotron resonant interaction with these inward waves would cause anti-sunward shells to be filled as shown in Figure 1 , but these shells cannot be maintained indefinitely. In particular, the shells which touch the v || = 0 axis above the sunward pileup region are no longer fed by the unstable proton flux across the boundary. Furthermore, the continued expansion of these shells eventually carries their protons to implausible energies [10] . So, the kinetic shell approximation must be coronal hole are gravity, the charge-separation electric field, and the mirror force due to the decreasing magnetic field. In this model, we also must include an inertial force since the wave phase speeds which determine the shell shapes are defined with respect to the accelerating plasma reference frame.
The interplay of these forces determines the evolution of the proton distribution under a strong cyclotron resonant interaction, and a qualitative discussion of their relative behavior provides considerable insight. The gravity and electric field are body forces, in that their strength is independent of the particle velocity. For any valid solar wind solution the gravitational effect is the stronger, so the net body force on a proton is sunward. The inertial force is proportional to -(U + v || ) dU/dr, so this force is also sunward for a plasma accelerating away from the Sun. The only outward force is the mirror force, proportional to v ⊥ 2 . Thus shells close to the origin of velocity space, where v ⊥ is small, will feel an average sunward force in the plasma frame. Conversely, shells with sufficient portions of their surface at high v ⊥ will feel a net outward force. The rapid resonant diffusion will cause the shells to move without distortion, so the resulting efficient for v || < bv p . We now have an additional boundary at v || = bv p , and apply the same non-resonant boundary condition there as at v || = 0.
Of course, we also now have an additional free parameter in the model. Setting b = 1 gives a model where the instability due to the proton flux across v || = 0 is intense enough to fill all the shells which can be influenced by those particles. The case of b < 1 represents a weaker instability, while b > 1 would require additional inward waves from another source. In principle, one could allow b to vary in some manner dependent on the level of the unstable flux, but we will see that such an additional complication is unnecessary as our conclusions will be essentially independent of b.
Our initial explorations of the kinetic shell approximation used "dispersionless" waves, ω/k = V A (r), to simplify the numerical effort. A wave phase speed independent of k is also independent of v || , so the constant-energy surfaces are sections of spheres centered on the Alfvén speeds, v || = ± V A , with respect to the plasma. For the very low β in coronal holes the populated proton shells all have v || << V A , so the shells are very narrow in the parallel direction and result in highly perpendicular distributions. Apart from this artifact, the results of the dispersionless models have been very encouraging. We have easily obtained plasma flow speeds of 700 -800 km s -1 within 8 R s , along with perpendicular proton temperatures and derived heating rates consistent with the behavior of many of the fluid models of the fast solar wind. However, a physically valid model obviously requires the inclusion of dispersive waves, and we recently expanded our model to incorporate these effects. moderated when applied to the anti-sunward population.
In order to treat this problem within the context of the kinetic shell formalism, we take the efficient resonant diffusion of anti-sunward protons to be confined to a range of parallel speeds, 0 < v || < bv p , where v p gives the parallel extent of the largest populated sunward shell and b is a constant, as illustrated in Figure 2 . This construction considers the fact that the resonance condition (1) depends only on v || , so all protons in this range will be strongly scattered. As in [8] , we model the protons with v || > bv p as free particles, conserving their magnetic moment and total energy in the reference frame of the Sun. Although this population will generally exhibit unstable density gradients as well, its density is substantially less than in [8] where the input flux of free particles came directly from the pileup region. We suggest that the overall behavior of the anti-sunward population will be reasonably approximated by ignoring the resonant effects where v || > bv p and taking them to be maximally
THE DISPERSIVE MODEL
The only way that wave dispersion enters into the kinetic shell model is by changing the shape of the constant-energy surfaces. The phase speed of the resonant wave now depends in a systematic way on the parallel speed of the proton through the resonance condition (1) and the assumed dispersion relation. The constant-energy surfaces are now constructed by taking them to be only locally spherical and centered on the smoothly varying resonant phase speed. The procedure is described by [13] and [14] .
In a coronal hole, we choose the dispersion relation for a cold electron-proton plasma, ω/k = ± V A (1 -ω/Ω p ) 1/2 . This choice gives shells which contact the v || = 0 axis perpendicularly, since the waves which resonate with these protons have zero phase speed. They are also considerably broader in v || than the previous dispersionless shells, so will yield distributions with much more realistic anisotropies. (See the contributed paper in this volume [15] for the actual equations defining the dispersive shells.) The model equations which describe the shell evolution in r are now more complicated, but they are still first-order and can be readily solved numerically. similar to that obtained in the earlier dispersionless calculations.
However, such narrow distributions required by the resonant cyclotron mechanism are definitively ruled out by the observations.
CONCLUSIONS
However, we have found to our dismay that the dispersive model does not yield a fast solar wind. Although the detailed behavior naturally varies for different conditions at the inner boundary, we obtain flow speeds U < 300 km s -1 at 6 -8 R s for apparently any plausible parameter values set at r = 2 R s and for any value of the inward wave parameter b. Even more damning is the result that the non-resonant background forces invariably cause the pileup surface to contract towards the origin, yielding a perpendicular cooling of the proton distribution, directly contrary to observation. We note that dissipation of the outward-propagating waves still takes place in these models, at least for the first few solar radii beyond the inner boundary. The proton cooling comes from the adiabatic expansion of the flow, which dominates since the maximum allowable dissipation is not strong enough to compensate. The kinetic shell model presented here poses a minimal test of the resonant cyclotron dissipation of parallel-propagating ion-cyclotron waves as the responsible mechanism for the generation of the fast solar wind in coronal holes. We have shown that the maximum allowable dissipation of outward-propagating waves, when treated kinetically, fails to yield perpendicular heating of protons or acceleration to fast solar wind speeds. We conclude that this dissipation cannot be the cause of the fast solar wind.
We emphasize that relaxing the extreme kinetic shell assumption will not remove the difficulty. Under a more realistic assumption the resonant shells will not be completely filled, but then the interaction will provide even less proton heating than in our model. This conclusion is in contradiction to the results of Tam and Chang [16] [17] [18] , who have also constructed a kinetic model of this same mechanism. However, their model assumes specific wave intensities and spectra, which are arbitrarily chosen and are not allowed to react to the ion evolution. In their model, the ions continually extract energy from the waves, even when this means their distribution would become unstable. Such a model would not exhibit the limitations inherent in the marginally stable state which are automatically included in the kinetic shell model. When compared to the earlier dispersionless results, the difference can be traced to the action of the inertial force on the wider dispersive shells. The dispersionless models all had extremely narrow shells, so the inertial force per unit mass, -(U + v || ) dU/dr, was only weakly dependent on v || . In these models, the evolution was such that the inward forces on the sunward shells initially increased with respect to the outward mirror force, leading to expansion of the pileup surface, strong heating of the distribution, and a rapid acceleration to fast wind speeds. Because the dispersive shells are broader in v || , the inward inertial force is substantially weaker on the sunward side (v || < 0). Furthermore, since v || is no longer small compared to U, the expansion by the inward forces of a large dispersive shell becomes progressively more difficult since the expansion itself further weakens the inward force. The result in all our many attempts was a contraction of the pileup surface at all r, perpendicular cooling of the protons, and a mild acceleration of the flow limited to moderate speeds.
The possibility remains that resonant cyclotron dissipation of obliquely-propagating waves could still produce the necessary heating and acceleration, but the kinetic shell formalism cannot treat this interaction due to the presence of multiple resonances. Otherwise, an entirely different mechanism must be found to generate the fast solar wind.
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